Abbreviations used in this paper: IFG = inferior frontal gyrus; ITG = inferior temporal gyrus; MFG = middle frontal gyrus; MTG = middle temporal gyrus; SFG = superior frontal gyrus; STG = superior temporal gyrus.
could depend on the left temporal areas as suggested by studies focused on patients with temporal lobe epilepsy. 17, 38 A selective impairment in the production of people's names without deficits in other naming categories (naming of handmade objects, fruits, and animals, for instance) has been described in patients harboring left temporal lobe lesions. 25, 28, 33, 39, 41, 46 Moreover some functional neuroimaging studies have shown the specific implication of the left premotor cortex and of the left temporal cortex in the face-naming process. 15, 16 These data suggest that the retrieval of proper names, which represent concrete entities belonging to distinct conceptual categories, could depend on partially segregated regions in higher-order cortices. Nevertheless, the existence of these areas and their localization is still a matter of debate. 6, 7, 42 In our institutions, direct brain mapping is used routinely in patients with brain tumors to spare languagerelated cortical areas. In an attempt to spare hypothetical category-specific cortical areas at surgery and to better understand the anatomical basis of face specific-naming areas within language areas, we studied a prospective group of 56 patients with brain tumors. After neuropsychological and language assessments, 50 patients underwent craniotomies and brain mapping with a standard object-naming and category-specific task (famous face naming) using visually presented stimuli during direct cortical mapping. To the best of our knowledge, this is the first direct cortical stimulation study focused on famous face naming. The functional/anatomical organization of face-naming areas is analyzed in relation to the surgical data.
Methods

Patient Population
Between November 2004 and November 2006, 2 neurosurgical teams at the Universities of Toulouse and Milan used intraoperative direct cortical stimulation in a prospective group of 56 patients with brain tumors; 44 patients were native to France and 12 to Italy (mean age 47 years, range 22-74 years). The goal of these brain-mapping studies was to spare all language areas found during tumor removal. As suggested by other authors, 44 it has been the policy of our 2 departments to perform, when feasible, the awake surgery technique with direct brain mapping in patients with brain tumors in whom functional areas are at risk during the resection. Although infrequently, the right hemisphere can sometimes be involved in some language or neurocognitive tasks, 10, 45 especially in face processing. 11, 12, 17, 38, 41 Seventeen patients with brain tumors in the right hemisphere underwent surgery with the aid of a standard brain mapping technique because a mapping of the rolandic area was needed or a right language localization was suspected. Histopathological analysis of the lesions indicated the following tumor types: low-grade gliomas (World Health Organization Grades I and II, 29 patients), high-grade gliomas (World Health Organization Grades III and IV, 20 patients), cavernoma (4 patients), and metastasis (3 patients).
Preoperative and Postoperative Assessments
All patients in this series underwent pre-and postoperative language examination to rule out specific language deficits. The language evaluation of the Italian and French groups of patients was performed separately at each institution by neurologists and neuropsychologists. The 2 teams, specialized in language disorders, used standardized and equivalent tests. This testing included written and oral comprehension, language fluency, naming, computation, writing to dictation, repetition, and evaluation of apraxia. Possible category-specific naming deficits were evaluated by a subset of specific-naming categories. All patients underwent a famous face recognition and naming test. Patients were tested on their ability to match unfamiliar and familiar faces, and identify a familiar face among face triplets consisting of 1 famous face and 2 foils. They were also asked to identify facial expressions; finally, famous face naming was assessed by means of a data set of 30 familiar famous faces. The famous face-naming data sets were appropriately chosen according to the patient's cultural degree, job, hobbies, and chronological adequacy between the patient's age and the period of popularity of the famous person. Patients with language impairment (> 10% errors in naming tests) were not included in this study. Patients with famous-face naming deficits, even if able to retrieve biographic details about the stimuli, were excluded according to the objectives of this category-specific naming study. The degree of patients' handedness was assessed using the Edinburgh Handedness Inventory test. 31 One bilingual French/English patient was tested in both languages with famous faces of native English speakers. Postoperatively as well as preoperatively, the patients were asked to perform the same tests so that a language problem might be checked.
Brain Mapping Tasks and Tasks Difficulty Comparison
Our brain mapping procedure consists of an objectnaming task (animate and inanimate objects) because of its accepted reproducibility and efficacy in searching for standard anomia. Reading tasks are also used. Before concluding the direct brain mapping procedure, we routinely confirm essential naming sites by repeating an object-naming task. In this series, we used a famous face-naming task for the repeated naming procedure.
Findings on different tasks may be affected or biased by the frequency or familiarity of the items presented during each task. Therefore, low-frequency and low-familiarity objects for which the names are more difficult to retrieve than those of common items could lead to a difference in task performance that may not reflect a category effect but rather a nonspecific one.
5 The object-naming task and the famous face-naming task are not equivalent in terms of lexical frequency and complexity. This lack of equivalence could be explained by the differences existing between these 2 categories. In fact a face is a "complex object." It is recognized as single exemplar of a category with specific geometric features and specific semantic and biographic features, whereas a single apple represents the apple category. For this reason, across-task differences in naming interferences can be accounted for by lexical-frequency effects.
Cortical Mapping Procedures
All patients gave their informed consent to this study of language areas. All surgical procedures at the 2 institutions were performed using the awake surgery technique.
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A neuronavigational system was used in all the patients (in Milan, Radionics; in Toulouse, StealthStation, Sofamor Danek). The brain was exposed in a standard fashion. Anatomical relationships among gyri were defined by using neuronavigation. Intraoperative cortical stimulation was used to localize areas of the functional cortex after the afterdischarge threshold was determined using electrocorticography. The cortex was directly stimulated by a bipolar electrode of a cortical stimulator with 1-mm electrodes separated by 5 mm (in Milan, Ojemann cortical stimulator, Lifesciences Corp.; in Toulouse, Nimbus Newmedic International s.a.s.). The current amplitude was progressively increased by 1-mA increments starting at 2 mA. We used a procedure of stimulation that included biphasic square wave pulses of 1 msec at 60 Hz, with a maximum train duration of 4 seconds. Cortical sites exposed by the craniotomy were randomly tested under direct stimulation during the different tasks. When a functional site was located, it was marked with a 0.25-cm 2 sterile label and another area was tested. Our strategy was to spare the language areas found using these tasks by avoiding resection of tumor tissue located within 1 cm from the eloquent cortex (distance between the resection margin and the nearest functional site).
Conditions of Validation of the Study
Strict conditions of language interference sites validation were applied and can be summarized in 5 points. 1) To ensure the conditions of uniformity and thus comparability of brain mappings between the 2 teams (Toulouse and Milan), the 2 neurosurgical teams applied prospectively the same criteria in the selection of candidates for awake surgery. We made uniform the intraoperative cortical stimulation technique and collected together the data from the successive brain mappings by using the same protocol and the same database. Finally, the data were analyzed and discussed collegially by the 2 teams. 2) To be accepted as a language area, the language sites that we localized were tested ≥ 3 times. The sites that did not present reproducible language interferences were not included in this study.
3) The cortical mapping procedures were recorded on video. Oral answers of each patient were recorded using a microphone placed near the patient's mouth so that his or her responses could be further analyzed in team meetings. 4) Because they can be considered as nonspecific, the language interferences found in the pre-and postcentral gyrus (considered as language interferences due to blockade of articulatory mechanisms) were not included in the final analysis. 5) It must be emphasized that we qualified a site as "famous face-naming specific" when no interference in object naming was found at that site. However, we cannot completely exclude the possibility that other functions (such as other category-specific naming) not tested in this study could be revealed by stimulation of the famous face-specific site.
Statistical Analysis
During this study, all data regarding brain-mapping results were integrated into an Excel database (Microsoft Corp.). In presenting our data, we chose to define regions by using the gyral/sulcal anatomy. Fifteen regions were defined in the left hemisphere and 15 in the right hemisphere. For instance, the SFG, MFG, and IFG were considered as 3 distinct regions. Large gyri, such as the 3 temporal gyri, were arbitrarily divided into 3 segments by drawing an imaginary line extending to the pre-and postcentral sulci. The supramarginal and angular gyri, and the upper parietal lobe were also considered as 3 distinct regions. We analyzed the brain-mapping data by separating famous face-naming sites from object-naming sites. Secondarily, we analyzed the interdependence of famous face-naming sites to object-naming sites as a function of the location and the type of response obtained.
For each stimulated zone, the percentage of responses was analyzed according to the number of stimulations performed. Statistical analysis was carried out with unbalanced repeated-measures analysis of variance after transformation of percentage values to obtain a normal distribution. 50 The respective probability value was corrected for lack of sphericity by using the Box conservative epsilon. The differences were estimated as significant at a probability value < 0.05. The analysis was performed using Stata 7.0 Statistical Software (Stata Corp.). This statistical analysis was performed by an independent statistician (V.L.C.).
Results
A total of 51 cortical stimulation studies were performed in 50 patients (36 brain mappings in the left hemisphere [1 left-handed] and 15 in the right [2 left-handed]). One bilingual patient underwent 2 brain-mapping procedures in the left hemisphere. One hundred forty-two interference sites (excluding "motor" sites) were found: 138 in the left and 4 in the right hemisphere (all face-naming sites). Of the 138 interferences found in the left hemisphere, 70 were object-naming and 68 face-naming interferences.
Some cortical regions were not studied in this series such as bilateral occipital lobes, interhemispheric regions, basal temporal lobes (lingual and fusiform gyri), and the nondominant inferior temporal gyrus. Other cortical regions were studied at least once. The maximal current that did not evoke afterdischarges ranged from 4.5 to 8 mA. All the object-or famous face-naming interference sites found were spared during surgery. Among patients tested preoperatively by our neuropsychological and physiotherapy team, 4 patients had a partially selective famous and relative's face anomia. All of them had tumors in the anterior part of the temporal lobe (Fig. 1) . Two patients with a right occipitotemporal lobe tumor had a typical prosopagnosia (Fig. 2) . These patients could not undergo surgery and face-naming tasks. Patients' data are summarized in Table 1 .
Famous Face Naming: Specific Findings
Concordance Between the Object Versus Face-Naming Tasks. Overall, in the left hemisphere, 138 interfer-ence sites were found. There was no significant difference in the number of cortical sites found for each naming task in left hemisphere (70 for object naming and 68 for face naming), but only 42 sites were common to both tasks (interferences detected for object and face naming). Furthermore, results obtained for both face and object naming were strictly identical in only 7 of the 36 brain mappings performed in left hemisphere.
Size of Face-Naming Interference Sites. As for object naming, face-naming interferences were localized in small parts of cortical areas. Among the 72 face-naming interference areas found in both hemispheres, 53 sites were single sites; stimulation of the closest areas located in the immediate vicinity of these areas did not show any facenaming interference. Thus, the areas of cortex involved in face naming were often extremely localized (< 1 cm 2 ). The possibility of finding 2 neighboring sites involved in face naming was found 9 times. Three neighboring face-naming sites were only found 1 time.
Location of Face-Naming Interference Sites. Interferences in famous face naming were found in 3 regions: in the left frontal SFG, MFG, and IFG areas (p < 0.005); in the left temporal pole (p < 0.001); and in the left supramarginal gyrus (p < 0.001). Occasionally, some facenaming areas were found outside these areas.
Regarding right hemispheric brain mappings, 4 interference sites were found in 3 patients. One patient exhibited a face-naming hesitation in the MFG. The other 2 patients exhibited 3 face-naming anomia sites in the right supramarginal gyrus. In 12 other patients (those who underwent surgery for right hemispheric lesions), no facenaming area was found.
Face Naming-Specific Areas. Among 35 patients whose dominant left hemisphere was studied (36 total brain mapping procedures), 26 face-naming specific areas (that is, sites of interference in face naming only and not in object naming) were found in 23 patients. These specific face-naming sites were found in 2 regions (Fig. 3) : in the left SFG, MFG, and IFG (p < 0.001) (Fig. 4) , and in the anterior part of the STG and MTG (p < 0.01) (Fig. 5 ).
Among these face-naming specific sites, 1 was subcortical as illustrated in Fig. 6 .
Types of Face-Naming Interferences. Different types of famous face interference occurred ( Table 2 ). The different types of interference according to brain localization are summarized in Table 3 . Most interferences (34 [50%]) were typical face anomia; patients acknowledged that they were able to recognize the face or to evoke related biographic information without being able to name the corresponding person. Semantic paraphasias (patients attributing repeatedly a wrong name to a famous face) were found mainly in frontal gyri and the STG. The patients were not always aware of being wrong. Phonemic paraphasias during famous face naming was only found in the supramarginal gyrus.
Postoperative Testing
Difficulties in both naming tasks were detected postoperatively in 17 patients (34%), probably due to brain retraction or postoperative edema. These difficulties consisted in slow naming, naming hesitation or mistakes, and phonemic errors. No patient had a specific famous facenaming deficit. Among these 17 patients, 13 were retested a few weeks after surgery, and 5 of them had significant persistent object and face-naming difficulties. For vari- Fig. 3 . Illustration of the findings of this study regarding object and famous face interferences. Twenty-six specific facenaming areas (that is, sites of interference in face naming only and not in object naming) were found. These face-naming specific sites were found in the left SFG, MFG, and IFG, and in the anterior part of the STG and MTG. ous reasons, the remaining 4 patients did not return to the hospital so they could not be followed up and retested.
Among the 23 patients in whom a face-specific site was found, all had their face-specific areas spared. However, in 5 of them, the margins of tumor removal were very close (between 1 and 2 cm) to face-specific areas. These 5 patients had postoperative face-naming difficulties that disappeared, in 4 of them within 2 months. The remaining patient was lost to follow-up.
Discussion
The ability to recognize and to name known faces is crucial to create and maintain social relationships. The loss of these abilities represents a tragic event, frequently described in the literature. 22, 43, 49 The face-naming process begins with face recognition. Face recognition is a specialized form of visual recognition and relies on mechanisms separate from object recognition. 4, 9, 13, 14, 19 Positron emission tomography and functional MR imaging studies showed that face recognition specifically activated the inferior occipital gyrus and the lateral part of the middle fusiform gyrus mainly in the right hemisphere. 23, 35, 36, 40 This right occipital region has been called the fusiform face area. 21, 40 Nevertheless, other authors have underlined that an evenly more distributed and bilateral neural system activity could be involved in face recognition. 18 In this study, we found a relative anatomical segregation between famous face-and object-naming sites. The present study reiterates that brain mapping results are strongly influenced by the categories of items that have to be named. 37 As object-naming sites, stimulation sites specific to famous face naming were exquisitely localized in small parts of cortical areas. Furthermore, 2 brain regions have been found to involve more frequently famous facenaming sites, the left frontal gyri and the anterior part of left temporal lobe. Although it has been demonstrated a fundamental role of the right hemisphere in learning new faces as well as in the face recognition and in the face emotion interpretation processes, 1, 11, 12, 17, 38, 41 we did not observe any trend to produce interferences of famous face naming in the areas of the right hemisphere that we explored. However, a specialization of the right hemisphere for face processing has been demonstrated for face perception processes, particularly in the posterior medial part of the right temporal lobe (fusiform gyrus). 23, 24, 35, 36, 40 Stimulation-induced interferences did not concern perception of faces in the present study in which the inferior and medial parts of the temporal lobes were not explored. Instead we explored the presence of interference sites for face naming, the final end point of the face recognition process and, similar to other authors, we showed that a lexical retrieval specific to famous faces depends mainly on the left hemisphere. Moreover this study showed that there are small areas in the SFG, MFG, IFG, and in the temporal cortex in which stimulation inhibited appropriate naming of famous faces without impairing object naming. In different cases of anomia for faces, the patient was able to recognize the corresponding person but could not retrieve his or her name. These results suggest that, even at its final stage involving access to a specific lexicon, naming of famous faces can be related to the activity of specific cortical territories, which can be anatomically distinguishable from the neighboring areas of the left lateral frontal and temporal cortex involved in object naming. This finding lends further support to earlier neuropsychological reports on naming deficits specific to famous faces. 11, 16, 25 In few cases, semantic paraphasias for famous faces were observed in areas close to those eliciting anomia, suggesting again an anatomical specificity for appropriate association between semantic features retrieved from famous face perception and the lexical output specific to this category.
Although face recognition preferentially relies on right hemispheric structures, most studies have shown that face naming is a function of the left hemisphere. 11, 12, 17, 38, 41 Specific language sites for face naming have been identified in the left premotor and prefrontal cortex. 15 In other studies, patients with lesions in the anterior region of the left temporal lobe were able to recognize faces and to give correct biographical information about the target, al though they were unable to retrieve the proper name corresponding to that face. 17, 33, 38, 41 An involvement of the left temporal pole in face naming has been found by using functional neuroimaging, whereas the midposterior part of the left temporal lobe seems to be involved in retrieving other semantic categories' nouns. 6, 7, 26 In our study, all 4 patients with preoperative and selective famous face-naming difficulties had tumors in their anterior left temporal lobe. We observed the presence of specific famous face-naming sites in a nonclassical language area such as the anterior part of the left temporal lobe in the STG and MTG. The left temporal pole is usually considered by neurosurgeons not to contain eloquent areas. It is standard practice to remove the temporal pole without brain mapping. According to reports of patients with brain lesions 17, 33, 38, 41 or neuroimaging studies, 16 as well as in this direct cortical stimulation study, this may not be completely true, at least as far as face naming is concerned.
The finding of different neural regions correlated to semantic categories within the brain is an enlightening phenomenon. Findings of specific deficits 20,27,48 in material acquired through education or special interest in individuals have favored the hypothesis that categorical knowledge could be, at least partially, organized in dedicated neuronal structures. 2 Different evolutionary factors or a training effect in individuals for a specific topic could explain the development of category-specific units but are still a matter of debate.
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Conclusions
From a cognitive point of view, this prospective direct stimulation study showed that famous face naming is preferentially processed in the left frontal and anterior temporal gyri. These results match those of previous neuroimaging studies 7, 16 and studies in patients who have sustained brain damage. 17, 33, 38, 41 Relative anatomical segregation of lexical categories within language areas was detected. We think that it is necessary to adapt brain-mapping tasks in neurosurgical patients not only to the patient's biography (that is, in bilingual individuals who need 2 language brain mappings) but also to the brain region involved. Indeed, the development of brain imaging tools over the past few years has Fig. 6 . Illustration showing the dissociation between famous face and picture naming in the left temporal lobe. Subcortical intraoperative brain mapping of famous face versus object naming found 2 different areas. One cortical area (12) was involved in object naming whereas a subcortical area was involved only in face naming (31) .
led to important breakthroughs in brain mapping. Brain regions involved in calculation, spatial neglect, as well as writing or reading have been more precisely defined. Some authors have shown that by using simple, acceptable, and not time-consuming tasks, direct brain mapping can replicate, at least partially, neuroimaging findings. 16, 34, 37 In the current study, we have shown that the use of different lexical categories may produce different brain-mapping results in left temporal and frontal lobes. We advocate the use of brain-mapping tasks more closely adapted to the functional properties of the brain region studied during surgery. * Articulatory sites comprise those considered to be nonspecific and related to motor mechanisms; single error sites, those with no reproducible reading interference; and ocular movements sites were not included in this study. * The different types of interference could be related to the stages of famous face-name processing, supramarginal gyrus being involved in phonemic tasks and more anterior sites in naming or semantic tasks.
